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diversity	 experiment	 (ORPHEE),	 where	 half	 of	 the	 plots	 were	 irrigated	while	 the	
other	half	 remained	without	 irrigation	and	 received	only	 rainfall.	We	 tested	 three	
mechanisms	 likely	 to	explain	 the	effects	of	oak	neighbors	on	herbivory:	 (1)	Direct	
bottom-	up	effects	of	heterospecific	neighbors	on	oak	accessibility	to	herbivores,	(2)	
indirect	bottom-	up	effects	of	neighbors	on	the	expression	of	leaf	traits,	and	(3)	top-	





predicted	herbivory.	Despite	greater	 rates	of	attack	on	dummy	caterpillars	 in	 irri-
gated	 plots,	 avian	 predation,	 and	 insect	 herbivory	 remained	 unrelated.	Our	 study	
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1  | INTRODUCTION
Plant	 diversity	 is	 a	 key	 driver	 of	 insect	 herbivory	 in	 grassland,	 agri-
cultural,	and	forest	ecosystems	(Allan	et	al.,	2013;	Broad,	Schellhorn,	
Lisson,	&	Mendham,	 2008;	Castagneyrol	 et	al.,	 2014),	 because	 het-




and	meta-	analyses	 suggest	 that	 associational	 resistance	 is	 the	most	
common	pattern	(Andow,	1991;	Barbosa	et	al.,	2009),	particularly	 in	










Associational	 effects	 depend	 on	 the	 identity	 of	 heterospecific	
neighbors,	both	directly	through	bottom-	up	effects	on	focal	host	ac-
cessibility	 (e.g.,	Castagneyrol,	Giffard,	Péré,	&	Jactel,	2013)	and	indi-
rectly	 through	 changes	 in	 focal	 host	 quality	 (e.g.,	 Kos,	 Bukovinszky,	
Mulder,	&	Bezemer,	2015;	Kostenko,	Mulder,	Courbois,	&	Bezemer,	




date	 addressed	 them	 simultaneously	 (Abdala-	Roberts	 et	al.,	 2016;	
Moreira,	Mooney,	Zas,	&	Sampedro,	2012).




























communities	 (Elton,	 1958;	 Root,	 1973;	 Schuldt	 et	al.,	 2011;	 Straub	
et	al.,	2014).	Associational	resistance	may	therefore	also	result	from	an	
enhanced	top-	down	control	of	herbivores	by	predation	or	parasitism	
in	 species-	rich	 plant	 communities	 (Riihimäki,	 Kaitaniemi,	 Koricheva,	
&	Vehviläinen,	2004).	Besides	 its	 effect	on	 abundance	 and	 richness	
of	 enemies,	 plant	 diversity	may	 indirectly	 influence	 the	 strength	 of	
herbivory	 suppression	 by	 predators.	 For	 instance,	 greater	 predation	
is	expected	when	herbivores	are	more	exposed	 to	 their	 enemies	as	
they	 spend	more	 time	 foraging	 for	 less	 accessible	 resource	 (Straub	
et	al.,	 2014).	Plant	diversity	may	also	modify	 the	magnitude	of	 top-	
down	effects	by	altering	the	proportion	of	generalist	versus	specialist	
herbivores	 because	 herbivore	 communities	 dominated	 by	 generalist	
herbivores	are	more	sensitive	to	predation	(Singer	et	al.,	2014).
The	strength	and	direction	of	plant-	herbivores-	enemies	(predators	
or	parasitoids)	 interactions	 is	expected	 to	change	along	environmen-
tal	gradients	(Bauerfeind	&	Fischer,	2013;	Péré,	Jactel,	&	Kenis,	2013;	
Rodríguez-	Castañeda,	2013;	Walter	et	al.,	2011).	Rooted	 in	the	plant	





















of	 defoliation	 by	 chewing	 herbivores	 on	 pedunculate	 oak	 (Quercus 
robur)	 in	a	 tree	diversity	experiment	with	a	 factorial	design	crossing	
the	identity	of	their	neighbors	(homospecific	vs.	heterospecific)	with	
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tree	neighbors	indirectly	mediate	the	expression	of	traits	involved	in	
herbivore-	oak	 interaction;	 (3)	heterospecific	neighbors	 increase	top-	
down	predation	by	natural	enemies,	and	(4)	water	stress	changes	the	






2  | MATERIALS AND METHODS
2.1 | Ethics statement









of	one	to	five	tree	species	(Betula pendula,	Quercus robur,	Q. pyrenaica,	
Q. ilex,	and	Pinus pinaster)	with	an	additional	replicate	of	the	five-	species	
plot.	Each	plot	contained	10	rows	of	10	trees	planted	2	m	apart	(100	










of	 four	 compositions.	These	 plots	were	 chosen	 in	 order	 (1)	 to	 span	
a	gradient	of	oak	apparency	by	 increasing	 the	number	of	neighbors	
taller	 than	 oaks	 (i.e.,	 high	 apparency	 in	 monocultures,	 intermediate	
























We	measured	five	 leaf	 traits	known	to	significantly	 influence	 insect	




herbivory,	 or	 both.	To	 avoid	 confounding	 the	 effect	 of	 tree	 species	
neighbors	 and	 insect	 herbivory	 on	 leaf	 traits,	 half	 of	 the	 sampled	


















finely	 grinded.	 Leaf	 carbon	 isotope	 composition	 (δ13C,	 per	mil),	 foliar
carbon	(C%,	%),	and	nitrogen	(N%,	%)	contents	were	measured	on	these	
bulked	 samples.	 Isotope	and	elementary	 analyses	were	performed	at	
the	INRA	Nancy	Technical	Facility	of	Functional	Ecology	(OC	081)	with	
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water	potential	 (ψw)	 in	early	August	2015	on	1–3	oaks	per	plot.	ψw 


































Leaf	 traits	were	measured	on	all	 trees,	 insect	damage	might	 trigger	
induced	defenses	modifying	leaf	traits.	To	test	the	direct,	independ-





















We	 then	 tested	 whether	 the	 effect	 of	 neighbors	 could	 be	 ac-
counted	for	through	changes	in	leaf	traits	measured	on	the	same	trees	










whether	 some	 residual	 variance	 can	 still	 be	 explained	 by	 plot-	level	

















of	 attacked	 versus	 nonattacked	 dummy	 caterpillars	 per	 tree.	 We	
modeled	separately	the	response	of	total	predation	(i.e.,	all	predators	
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3  | RESULTS
3.1 | Effects of irrigation and neighbors on water 
stress in oaks
Predawn	 leaf	 water	 potential	 of	 oaks	 (ψw)	 was	 significantly	 lower	






monocultures,	 thus	 confirming	 the	 greater	 water	 stress	 of	 oaks	 in	
two-	and	three-	species	mixtures	including	pine	(Figure	2).
3.2 | Effects of irrigation and oak neighbor identity 
on insect herbivory
On	 average	 (±SE),	 insect	 herbivory	 on	 unsprayed	 trees	 was	 twice	
as	 high	 in	 summer	 compared	 to	 spring	 (16.7	±	1.0	 in	 summer	 and	
8.7	±	0.6%	leaf	area	damaged	in	spring,	respectively,	F(1,92.4)	=	78.72,	
p	<	.001,	Figure	1a).
Insect	 herbivory	 did	 not	 vary	 with	 the	 identity	 of	 oak	 neigh-
bors	 (F(3,	 85.1)	=	0.60,	 p	=	.617,	 Figure	1b),	 regardless	 of	 the	 season	
(Neighbors	×	Season: F(3,89.8)	=	1.58,	p	=	.201).
The	effect	of	irrigation	was	not	significant	(F(1,6.0)	=	0.01,	p	=	.913),	










enced	by	 irrigation	or	 Irrigation ×	Neighbor	 interaction	 (Table	1).	SLA	
was	 higher	 in	 plots	where	 oak	was	 associated	with	 pine	 (two-	 and	
three-	species	mixtures).	Toughness	was	lower	in	plots	where	pine	was	




plained	64.3%	 (PC1)	and	23.5%	 (PC2)	of	variability	 in	 leaf	 traits,	 re-
spectively.	PC1	was	driven	by	SLA,	thickness,	and	toughness,	positive	
values	 being	 associated	with	 large,	 thin,	 and	 soft	 leaves	 (Figure	3a).	
PC2	was	 driven	 by	water	 content,	 positive	 values	 being	 associated	






3.4 | Effects of irrigation and oak neighbors 
on predation




and	 arthropods	 (12.7%)	 were	 too	 scarce	 and	 unevenly	 distributed	
to	be	analyzed	separately.	 Insectivory	was	thus	analyzed	first	for	all	
predators	and	then	for	birds	only.	Overall,	total	insectivory	was	higher	




results	 were	 identical	 when	 only	 bird	 insectivory	 was	 considered.	
There	was	no	correlation	between	the	proportion	of	predated	dummy	
caterpillars	and	 the	percentage	of	 leaf	area	 removed	by	herbivores,	
neither	at	the	tree	(Pearson’s	r = −0.04,	p = .814)	nor	at	the	plot	scale	
(Pearson’s	r = 0.13,	p = .100).













robur;	QrBp,	Q. robur + Betula pendula; 
QrPp,	Q. robur + Pinus pinaster;	QrBpPp,	
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significant	effect	of	PC1 × PC2	 interaction	on	early	season	herbivory	
(F(1,57.6)	=	5.30,	p	=	.025).	Although	main	effects	of	PC1	and	PC2	were	









within	brackets	below	boxes	indicates	sample	size.	Qr,	Quercus robur;	QrBp,	Q. robur + Betula pendula;	QrPp,	Q. robur + Pinus pinaster;	QrBpPp,	
Q. robur + B. pendula + P. pinaster
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(23) (24) (23) (23)














a b c c(d)
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a b c b(e)
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(19) (16) (24) (21)
|  7CASTAGNEYROL ET AL.
thinner,	and	smoother	leaves)	when	PC2	values	were	high	(i.e.,	leaves	





In	 late	 season,	 insect	 herbivory	 significantly	 decreased	with	 the	
C:N	ratio	of	oak	leaves	(F(1,66.5) =	4.53,	p	=	.037,	Figure	5b),	irrespective	
Trait Predictors F value (df) p value R2m (R2c)
SLA Neighbors 4.20	(3,	20.73) .018 0.12	(0.29)
Irrigation 0.01	(1,	7.36) .91
Neighbors	×	irrigation 1.37	(3,	18.04) .283
LDMC Neighbors 1.77	(3,	20.26) .185 –	(0.30)
Irrigation 0.01	(1,	6.49) .916
Neighbors	×	irrigation 2.81(3,	17.21) .07
Toughness Neighbors 5.08	(3,	81.66) .003 0.05	(0.70)
Irrigation 0.19	(1,	8.00) .672
Neighbors	×	irrigation 0.45	(3,	78.50) .715
Thickness Neighbors 13.21	(3,	81.91) <.0001 0.22	(0.56)
Irrigation 0.02	(1,	7.44) .901
Neighbors	×	irrigation 0.46	(3,	78.63) .711
δ13C Neighbors 14.97	(3,	18.71) <.0001 0.35	(0.62)
Irrigation 4.65	(1,	5.93) .075
Neighbors	×	Irrigation 0.64	(3,	15.46) .6
C:N Neighbors 0.49	(3,	19.16) .695 −(0.34)
Irrigation 0.02	(1,	6.18) .884
Neighbors	×	irrigation 0.65	(3,	17.04) .591
PC1 Neighbors 13.17	(3,	19.32) .0001 0.34	(0.65)
Irrigation 0.11	(1,	5.86) .748
Neighbors	×	irrigation 1.49	(3,15.30) .256














species	composition	and	(c)	irrigation	treatment.	Qr,	Quercus robur;	QrBp,	Q. robur + Betula pendula;	QrPp,	Q. robur + Pinus pinaster;	QrBpPp,	
Q. robur + B. pendula + P. pinaster
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4.1 | Oak neighbor identity had weak indirect trait- 
mediated effects on insect herbivory




different	 neighbor	 identities.	 Two	 main	 mechanisms	 have	 been	
proposed	 to	 explain	 why	 herbivory	 should	 vary	 with	 the	 compo-
sition	 of	 forests:	 (1)	 The	 probability	 of	 a	 tree	 being	 colonized	 by	
herbivores	 (i.e.,	 its	 apparency,	 frequency,	 and	 concentration)	 may	
depend	on	the	diversity	and	identity	of	its	neighbors	(Barbosa	et	al.,	
2009;	 Castagneyrol	 et	al.,	 2013;	 Hambäck,	 Inouye,	 Andersson,	 &	
Underwood,	2014;	Setiawan	et	al.,	2016)	and	(2)	the	abundance	and	
activity	of	herbivore	enemies	may	change	with	 forest	 composition	
and	 structure	 (Muiruri	 et	al.,	 2016;	 Riihimäki	 et	al.,	 2004;	 Schuldt	
et	al.,	2011).	Our	 results	 support	neither	of	 these.	Oak	apparency,	
frequency,	 and	 concentration	 (i.e.,	 oak	 accessibility)	were	 consist-
ently	low	in	all	mixtures	as	compared	to	monocultures,	and	yet,	they	
did	not	receive	lower	herbivory	in	the	presence	of	taller	birches	or	




Here,	 we	 additionally	 investigate	 a	 third,	 complementary	 hy-
pothesis,	where	(3)	oak	neighbor	identity	could	modify	leaf	traits	in-
volved	 in	tree-	herbivore	 interactions	 (Halpern,	Bednar,	Chisholm,	&	
Underwood,	2014;	Kos	et	al.,	2015).	Our	results	partially	support	this	
hypothesis.




cultures	 and	 oak-	pine	 mixtures.	 In	 the	 ORPHEE	 experiment,	 in	
2015,	oaks	(mean	height	±	SE:	110.0	±	0.8	cm)	were	much	smaller	
than	birches	 (510.0	±	2.0	cm)	 and	pines	 (563.0	±	1.5	cm)	 (Damien	
et	al.,	2016).	The	total	amount	of	 light	received	by	oaks	was	thus	
likely	reduced	in	mixed	plots	where	oaks	were	dominated	by	pines	
and	 birches.	 Although	 we	 did	 not	 quantify	 light	 interception	 by	
dominant	species,	this	is	consistent	with	the	observed	differences	
in	SLA,	toughness,	δ13C,	and	thickness	among	treatments	(Figure	2).
Higher	 SLA,	more	 negative	 δ13C	 values,	 and	 lower	 leaf	 thickness
and	 toughness,	 as	 observed	 in	 mixtures,	 are	 indeed	 typical	 re-
sponse	 patterns	 to	more	 shaded	 conditions	 (Pérez-	Harguindeguy	
et	al.,	 2013).	 Furthermore,	 differences	 in	 leaf	 traits	 between	 oak	
monocultures	 and	 oak-	pine	 mixtures	 were	 clearly	 shown	 on	 the	




solar	 radiation	 is	more	 intercepted	by	pine	 trees	 (which	are	more	







ses.	 It	must	be	acknowledged	 that	we	applied	 irrigation	only	 few	
weeks	before	traits	were	measured,	and	it	cannot	be	excluded	that	
stronger	effects	will	emerge	in	the	future.	Here,	we	can	only	spec-










robur;	QrBp,	Q. robur + Betula pendula; 
QrPp,	Q. robur + Pinus pinaster;	QrBpPp,	
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with	 recent	 work	 showing	 trait-	mediated	 effects	 of	 heterospecific	
plant	 neighbors	 on	 insect	 herbivores	 and	 herbivory	 (Halpern	 et	al.,	
2014;	Ohgushi	&	Hambäck,	 2015;	Kos	 et	al.,	 2015;	Kostenko	 et	al.	
2017).	Our	 results	weakly	 support	 this	prediction.	 Indeed,	only	 leaf	
C:N	ratio	had	an	effect	on	herbivory	(Figure	5),	yet	this	trait	did	not	





Although	our	 results	partially	 support	 the	 idea	 that	 tree	 species	
composition	 had	 indirect	 trait-	mediated	 effects	 on	 overall	 insect	
herbivory,	 they	should	be	considered	with	caution.	Previous	studies	
reported	mixed	evidence	for	such	a	relationship	between	plant	diver-
sity,	 leaf	 traits,	 and	herbivory	 (Moreira	 et	al.,	 2014;	Abdala-Roberts,	
2016;	Kostenko	et	al.	2017).	Here,	because	we	measured	total	chew-




4.2 | Predation barely changed with oak 
neighbor identity
The	 enemies’	 hypothesis	 posits	 that	 more	 species-	rich	 forest	 plots	
should	 shelter	 a	 greater	 diversity	 or	 abundance	 of	 predators	 than	
monocultures,	 enhancing	 potential	 biological	 control	 of	 herbivores.	
In	particular,	mixing	conifer	and	deciduous	tree	species	at	both	for-
est	stand	and	landscape	scales	is	expected	to	increase	insectivorous	




port	 in	 grasslands	 and	 agro-	ecosystems	 (Andow,	 1991;	 Langellotto	
&	Denno,	 2004;	 Letourneau	 et	al.,	 2011;	 Scherber	 et	al.,	 2010),	 its	
validity	 for	 forest	 is	 still	 debated	 (Letourneau,	 Jedlicka,	Bothwell,	&	
Moreno,	 2009;	 Muiruri	 et	al.,	 2016;	 Riihimäki	 et	al.,	 2004;	 Schuldt	
et	al.,	2011).	 In	addition,	 it	must	be	noticed	 that	 the	use	of	dummy	
caterpillars	underestimates	the	importance	of	top-	down	processes	as	
it	does	not	capture	the	effect	of	other	natural	enemies	such	as	spiders	
or	 parasitoids	 which	 are	 known	 to,	 respectively,	 respond	 to	 struc-
tural	and	chemical	complexity	of	their	habitat	(Kostenko	et	al.,	2015;	
Langellotto	&	Denno,	2004).
4.3 | Irrigation had no direct effect on herbivory but 
indirectly changed predation
Although predawn leaf water potentials (ψw) and carbon isotope values 
(δ13C) confirmed that irrigation alleviated water stress, neither leaf traits nor















Q. robur + Betula pendula;	QrPp,	Q. robur + Pinus pinaster;	QrBpPp,	
Q. robur + B. pendula + P. pinaster
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stronger	water	stress.	This	could	be	due	to	pines	being	much	taller	than	
oaks	and	exploiting	a	greater	amount	of	water.	Such	an	effect	of	inter-
specific	 competition	 for	water	may	have	been	 less	pronounced	with	
birches	that	lose	leaves	during	summer,	while	pines	kept	their	needles.




the	 2015	 growing	 season.	They	 remained	 above	 −0.5	MPa	 and	 the	
difference	in	ψw	suggests	that	during	the	2015	growing	season,	unir-



























and	 arthropods.	This	may	 result	 from	 understorey	vegetation	 being	
denser	 and	more	 stratified	 in	 irrigated	 plots	 (personal observations),	
potentially	 resulting	 in	 larger	 niche	 opportunities,	 higher	 prey	 avail-
ability,	or	lower	top-	down	predation	risk	by	apex	predators	(Figure	4a).	
Similar	effects	of	structural	complexity	have	been	observed	by	Poch	






posed	 hypotheses	 to	 explain	 herbivory	 patterns,	 notably	 the	 ap-
parency	 hypothesis.	 We	 found	 no	 clear	 support	 for	 the	 enemies’	
hypothesis.	We	found	only	partial	support	for	the	emerging	idea	that	
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